Electronic Version 
Stylesheet Version vl.1.1 



Description 



[APPARATUS AND METHODS FOR 
DETERMINING ISOTROPIC AND 
ANISOTROPIC FORMATION RESISTIVITY 
in THE PRESENCE OF DJVASION] 

Cross Reference to Related Applications 

[0001] This claims priority to U.S. Provisional Patent Application 
Serial No. 60/514,720, filed on October 27, 2003. This 
Provisional Application is incorporated by reference in its 
entirety. 
Background of Invention 

[0002] Field of the Invention 

[0003] The invention relates generally to the field of well logging. 
More particularly, the invention relates to tools and meth- 
ods for measuring electrical properties of a formation with 
anisotropy and/or invasion. 

[0004] Background Art 



[0005] induction tools have been used for many years to measure 
the resistivity of earth formations surrounding a borehole 
in the presence of borehole fluids that may have invaded 
the formations. Induction logging tools measure the re- 
sistivity (or its inverse, conductivity) of the formation by 
inducing eddy currents in the formations in response to 
an AC transmitter signal. The eddy currents induce sec- 
ondary magnetic fields that in turn induce voltages in re- 
ceiver antennas. Because the magnitudes of the eddy cur- 
rents depend on formation conductivities, the magnitudes 
of the received signals thus reflect the formation conduc- 
tivities. 

[0006] a typical induction tool includes at least two induction ar- 
rays having different spacings between the transmitters 
and the receivers for different depths of investigation 
(DOI). An example of such tools is disclosed in U.S. Patent 
No. 3,067,383 issued to Tanguy. A minimal configuration 
of such tools includes two coil arrays for measuring at two 
different DOI: a deep array (ILD) and a medium array (ILM). 
The deep array is designed to "see" beyond the mud in- 
vaded zone in order to provide true formation resistivity 
(R t ). However, in order to determine the minimum param- 
eters (the invaded zone resistivity, R , the resistivity of 



the uninvaded zone, R , and the radius of invasion, r ) of a 

t i 

formation invaded by drilling fluids, at least three mea- 
surements at different depths of investigation are re- 
quired. Historically, the third measurement (a shallow 
measurement) is provided by a focused electrode array. 
One such tool is disclosed in U.S. Patent No. 3,329,889 is- 
sued to Tanguy. The shallow electrode measurement to- 
gether with the medium (ILM) and deep (ILD) measure- 
ments provided by the induction arrays provide sufficient 
data to solve formation resistivities in a formation with a 
simple invasion profile. Such tools may not provide suffi- 
cient data for the determination of formation properties 
when the invasion profiles is complicated, e.g., more than 
one zone surrounding the borehole with different resistiv- 
ities. 

[0007] Therefore, multi-array tools have been introduced for the 
determination of formation resistivity in formations with 
more complex invasion profiles. Examples of multi-array 
tools include those disclosed in Hunka et al., "A New Resis- 
tivity Measurement System for Deep Formation Imaging and High- 
resolution Formation Evaluation ," Paper SPE 20559, presented 
at the 65 th SPE Annual Technical Conference and Exhibi- 
tion, New Orleans, LA, Sept. 23-26, 1990, and U.S. Patent 



No. 5, 157,605 issued to Chandler et al. The multiple ar- 
rays, having different spacings between the transmitter 
and the receiver, can provide measurements at different 
depths of investigation (DOI). Therefore, when mud inva- 
sion occurs to different extents (radii) in different layers, 
sufficient data may still be provided by such tools for 
solving formation electrical properties. 
[0008] | n addition to mud invasion, formation anisotropy can also 
complicate resistivity logging and interpretation. Forma- 
tion anisotropy results from the manner in which forma- 
tion beds were deposited by nature. Formations contain- 
ing hydrocarbons often exhibit anisotropy in formation 
resistivity. In such formations, the horizontal conductivity, 
a , (or resistivity, R ) in a direction parallel to the bedding 
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plane differs from the vertical conductivity, a , (or resis- 

V 

tivity, R ) in a direction perpendicular to the bedding 

V 

plane. In crossbedded reservoirs, the anisotropic resistivi- 
ties may be better defined in two directions other than 
those that are parallel and perpendicular to the formation 
layers. For clarity of illustration, this description uses "hor- 
izontal" and "vertical" in a broad sense to describe the two 
orthogonal directions of the anisotropic resistivities, re- 
gardless of whether these directions are actually parallel 



or perpendicular to the bedding planes. The actual direc- 
tions can be resolved by the inversion methods used in 
log analysis, for example the method to be described in 
FIG. 9. 

[0009] Conventional induction logging tools, such as those de- 
scribed above, have their transmitters and receivers ar- 
ranged in a manner such that their magnetic dipoles are 
aligned with the longitudinal axis of the tools. These lon- 
gitudinal induction array tools induce eddy currents in 
loops that are perpendicular to the longitudinal axes of 
the tools. Therefore, these tools are sensitive only to the 
horizontal conductivity of the formations; they cannot 
provide a measure of vertical conductivity (or resistivity) 
or anisotropy. 

[0010] jo measure the vertical conductivity or anisotropy, new 
EM induction or propagation instruments typically include 
transmitter and/or receiver antennas that have their mag- 
netic dipoles substantially perpendicular to the axis of the 
instrument. These tools with transverse induction arrays 
have good sensitivity to formation resistivity anisotropy. 
See e.g., Moran and Gianzero, "Effects of Formation Anisotropy 
on Resistivity Logging Measurements " Geophysics, 44, 
1266-1286 (1979). Transverse induction arrays tools in- 



elude triaxial array tools, which include three orthogonal 
transmitter coils and three receivers coils in the same or- 
thogonal orientations. In operation, the tri-axial transmit- 
ter is energized in three orthogonal directions. Individual 
receiver coils aligned in the same three orthogonal direc- 
tions then measure the voltages induced by eddy currents 
flowing in the surrounding formations. Examples of tri- 
axial tools, for example, may be found in U.S. Patent Nos. 
3,510,757 issued to Huston, 5,781,436 issued to Forgang 
et al., 3,609,521, issued to Desbrandes, 4,360,777, is- 
sued to Segesman, and 6,553,314 issued to Kriegshauser, 
et al. These triaxial array induction tools can determine the 
formation anisotropic resistivity as long as the formation 
is uninvaded or the invasion depth is shallow. 
[001 1] Although certain prior art tools are capable of measuring 
resistivities of formations with complex invasion profiles 
and others are good for formations with anisotropy, prior 
knowledge of the formation type is needed in order to 
choose a proper tool. It is desirable that EM induction or 
propagation logging tools are available to provide reliable 
measurements of formation resistivities without prior 
knowledge of formation anisotropy and/or invasion. 
Summary of Invention 



[0012] | n one aspect, embodiments of the invention relate to log- 
ging tools. A logging tool in accordance with one embodi- 
ment of the invention includes a tool body; a simple 
transmitter comprising a single antenna disposed on the 
tool body; four simple receivers, each comprising a single 
antenna, disposed on the tool body and spaced apart from 
the simple transmitter to form four arrays; and an elec- 
tronic module for controlling operation of the four arrays, 
wherein the simple transmitter is configured to generate a 
magnetic field having a transverse component, wherein 
each of the four simple receivers is sensitive to the mag- 
netic field generated by the simple transmitter, and at 
least one of the four simple receivers is sensitive to the 
transverse component of the magnetic field generated by 
the simple transmitter, and wherein the four arrays are 
configured to provide measurements at at least three 
depths of investigation. 

[0013] a logging tool in accordance with another embodiment of 
the invention includes a tool body; a transmitter compris- 
ing two antennas disposed on the tool body, wherein the 
two antennas are arranged in different orientations; two 
simple receivers, each comprising a single antenna, dis- 
posed on the tool body and spaced apart from the trans- 



mitter; a third receiver, comprising two antennas, dis- 
posed on the tool body and spaced apart from the trans- 
mitter and the two simple receivers; and an electronic 
module for controlling operation of four arrays formed by 
the transmitter and the two simple receivers and the third 
receiver, wherein at least one of the two antennas in the 
transmitter is configured to generate a magnetic field 
having a transverse component, wherein at least one of 
the two antennas in the third receiver is responsive to the 
transverse component of the magnetic field generated by 
the transmitter, and wherein the four arrays are config- 
ured to provide measurements at at least three depths of 
investigation. 

[0014] a logging tool in accordance with another embodiment of 
the invention includes a tool body; a transmitter compris- 
ing three antennas disposed on the tool body, wherein the 
three antennas are arranged in three different directions; 
two simple receivers, each comprising a single antenna, 
disposed on the tool body, wherein each of the two simple 
receivers is spaced apart from the transmitter; a third re- 
ceiver disposed on the tool body and spaced apart from 
the transmitter and the two simple receivers, wherein the 
third receiver comprises three antennas arrange in three 



directions substantially identical to the three different di- 
rections of the three antennas of the transmitter; and an 
electronic module for controlling operation of the trans- 
mitter, the two simple receivers, and the third receiver, 
wherein arrays formed by the transmitter and the two 
simple receivers and the third receiver are configured to 
provide measurements at at least three depths of investi- 
gation. 

[0015] a logging tool in accordance with another embodiment of 
the invention includes a tool body; a transmitter disposed 
on the tool body, wherein the transmitter is configured to 
generate a magnetic field having a transverse component; 
four receivers disposed on the tool body and spaced apart 
from the transmitter; and an electronic module for con- 
trolling operation of the transmitter and the four re- 
ceivers, wherein each of the four receivers is responsive to 
the magnetic field generated by the transmitter, wherein 
at least one of the four receivers is responsive to the 
transverse component of the magnetic field generated by 
the transmitter, and wherein arrays formed by the trans- 
mitter and the four receivers provides at least three 
depths of investigation. 

[0016] | n another aspect, embodiments of the invention relate to 



a method for well logging. A method for well logging in 
accordance with one embodiment of the invention in- 
cludes disposing a logging tool in a borehole penetrating 
a formation; obtaining a plurality of measurements of for- 
mation resistivity, wherein the plurality of measurements 
cover at least three different depths of investigation and 
at least one of the plurality of measurements is sensitive 
to formation anisotropy; and determining an electrical 
property of the formation based on the plurality of mea- 
surements. 

[0017] other aspects and advantages of the invention will be ap- 
parent from the following description and the appended 
claims. 

Brief Description of Drawings 
[0018] FIG. 1 shows a prior art logging system. 

[0019] FIG. 2 shows a logging tool in accordance with one em- 
bodiment of the invention. 

[0020] FIG. 3 illustrates a triaxial antenna array including a triax- 
ial transmitter, a triaxial bucking receiver, and a triaxial 
receiver. 

[0021] FIG. 4 shows a radial responses of the tool shown in FIG. 2 
in accordance with one embodiment of the invention. 



[0022] FIG. 5 shows a effects of mud invasion and anisotropy on 
the real (R) and quadrature (X) signals as acquired by a 72 
inch triaxial array. 

[0023] FIG. 6 shows a logging tool in accordance with one em- 
bodiment of the invention. 

[0024] FIG. 7 shows a radial responses of the tool shown in FIG. 6 
in accordance with one embodiment of the invention. 

[0025] FIG. 8 shows a logging tool in accordance with one em- 
bodiment of the invention. 

[0026] FIG. 9 shows a method for deriving formation resistivity 
from log data acquired using a tool in accordance with 
one embodiment of the invention. 

[0027] FIG. 10 shows a ID formation model that may be used 

with a method in accordance with one embodiment of the 
invention. 

[0028] FIG. 11 shows a 2D formation model that may be used 

with a method in accordance with one embodiment of the 
invention. 

[0029] FIG. 12 shows a 3D formation model that may be used 

with a method in accordance with one embodiment of the 
invention. 

[0030] FIG. 13 shows a schematic illustrating an axial and a 

transverse component of a magnetic moment of a tilted 



antenna. 
Detailed Description 

[0031] Embodiments of the present invention relate to apparatus 
and methods for determining electrical properties of a 
formation having mud invasion and/or anisotropy. To 
solve the electrical properties (R , r , and R ) of a forma- 
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tion with invasion, three measurements at different DOIs 
are required. If the formation also has anisotropy, then 
one additional measurement that is sensitive to anisotropy 
is required (e.g., a transverse measurement). Therefore, a 
minimum of four measurements are required for solving a 
formation with invasion and anisotropy. These four mea- 
surements should be acquired at at least three different 
DOIs and at least one of the four measurements should be 
sensitive to formation anisotropy. The four measurements 
may be any of the following combinations: (1) three axial 
measurements and one transverse measurement; (2) two 
axial measurements and two transverse measurements; 
(3) one axial measurement and three transverse measure- 
ments; and (4) four transverse measurements. 
[0032] As used herein, "axial" means a direction parallel with the 
longitudinal axis of the tool, and "transverse" means a di- 
rection perpendicular to the longitudinal axis of the tool. 



Thus, an "axial" antenna (transmitter or receiver) refers to 
a coil having a magnetic moment parallel with the longi- 
tudinal axis of the tool, while a "transverse" antenna 
(transmitter or receiver) refers to a coil having a magnetic 
moment perpendicular to the longitudinal axis of the tool. 
A tilted antenna has a magnetic moment that is neither 
perpendicular nor parallel to the longitudinal axis of the 
tool. However, the magnetic moment of a tilted antenna 
can be decomposed into an axial component and a trans- 
verse component (see FIG. 13). In other words, the mag- 
netic field generated by a tilted antenna includes a trans- 
verse component and an axial component. Embodiments 
of the invention may require the use of an axial receiver or 
a transverse receiver. In these cases, a tilted antenna may 
be used instead to provide the axial component or the 
transverse component. Therefore, a general term "axial- 
component" receiver is used in this description to refer to 
a receiver having a magnetic moment that includes a 
component in the axial direction, and "transverse-compo- 
nent" receiver is used to refer to a receiver having a mag- 
netic moment that includes a component in the transverse 
direction. Thus, an "axial-component" receiver may in- 
clude an axial antenna or a tilted antenna, and a "trans- 



verse-component" receiver may include a transverse an- 
tenna, a tilted antenna, or a triaxial antenna. A transmitter 
and a receiver form an array. In some embodiments, an 
array further includes a bucking receiver to reduce or re- 
move the mutual couplings between the transmitter and 
the receiver. Thus, an "axial-component" array refers to 
an array that includes a transmitter and a receiver, each 
having a magnetic moment including a component in the 
axial direction, and a "transverse-component" array refers 
to an array that includes a transmitter and a receiver, each 
having a magnetic moment including a component in the 
transverse direction. 

[0033] Accordingly, an axial measurement may be acquired with 
an axial array or an axial-component array, and a trans- 
verse measurement may be acquired with a transverse ar- 
ray or a transverse-component array. For example, a 
measurement acquired using a tilted array may be de- 
composed into an axial component measurement and a 
transverse component measurement. 

[0034] As will be described later, any of the axial arrays (or axial- 
component arrays) in a tool of the invention may be re- 
placed with an electrode device. Therefore, any or all of 
the axial measurements described above may be replaced 



with electrode (galvanic) measurements. Embodiments of 
the invention may use any electrodes device known in the 
art, including button electrodes, ring electrodes, and 
toroid electrodes. One of ordinary skill in the art would 
appreciate that an electrode device includes a current in- 
jector and a sensor for detecting currents that flow back 
to the tool. In this description, an "electrode" is used in a 
general sense to refer to an electrode device and is not 
limited to any particular type of electrode device. Note 
that four measurements represent a minimum require- 
ment for solving electrical properties of a formation with a 
simple invasion profile (e.g., a single invaded zone with a 
constant resistivity) and a simple anisotropy (e.g., the di- 
rection of anisotropy is known). In a formation with more 
complicated invasion and/or anisotropy, more measure- 
ments will be required. 
[0035] Thus, a resistivity logging tool in accordance with embod- 
iments of the invention can provide at least four measure- 
ments, which include at least three measurements at dif- 
ferent DOIs and at least one measurement that is sensitive 
to anisotropy. Several tool configurations are capable of 
providing these measurements. A simple tool configura- 
tion, for example, may comprise a common transmitter, 



three axial-component receivers, and a transverse-com- 
ponent receiver. Each receiver and the common transmit- 
ter from an array. Therefore, this simple tool configura- 
tion includes three axial-component arrays and one 
transverse-component array. Because the common trans- 
mitter needs to work in the axial-component arrays and 
the transverse-component array, it may include two coils 
— an axial coil (antenna) and a transverse coil. Alterna- 
tively, the transmitter may be a tilted antenna, which in- 
cludes an axial component and a transverse component in 
the magnetic moment. Note that the common transmitter 
may also be a triaxial antenna. The magnetic moment of 
the transverse component in the transmitter preferably is 
preferably in the same direction as the magnetic moment 
of the transverse receiver; however, they may form an an- 
gle (other than 90° — i.e., not orthogonal) when projected 
onto a transverse plane. A transverse plane is a plane per- 
pendicular to the longitudinal axis of the tool. 
[0036] a "triaxial" antenna (transmitter or receiver) in this de- 
scription is used in a broad sense to mean three antennas 
arranged in three non-coplanar directions, which may or 
may not be orthogonal to each other. If these antennas 
are not orthogonal to each other, their magnetic moments 



can be resolved into three orthogonal components. In 
preferred embodiments, the three antennas in a triaxial 
transmitter or receiver are arranged in orthogonal orien- 
tations. In more preferred embodiments, one of the three 
orthogonal antennas in the triaxial transmitter or receiver 
is in a direction substantially aligned with the longitudinal 
axis of the tool. In this case, the triaxial transmitter or re- 
ceiver includes a longitudinal antenna and two transverse 
antennas. 

[0037] while preferred embodiments of this invention involve the 
use of triaxial transmitters and receivers, in some cases, 
only transverse or tilted transmitters and receivers are 
necessary. For example, if the direction of anisotropy is 
unknown, then full triaxial measurements may be neces- 
sary. On the other hand, in a simple case where the direc- 
tion of anisotropy is known, it is only necessary to have 
transverse measurements. In this description, "transmit- 
ter" and "receiver" are used to describe different functions 
of an antenna/coil, as if there were different types of 
coils. This is only for clarity of illustration. A transmitter 
coil and a receiver coil have the same physical character- 
istics, and one of ordinary skill in the art would appreciate 
that the principle of reciprocity applies and an antenna/ 



coil may be used as a transmitter at one time and as a re- 
ceiver at another. Thus, any specific description of trans- 
mitters and receivers in a tool should be construed to in- 
clude the complementary configuration, in which the 
"transmitters" and the "receivers" are switched. Further- 
more, in this description, a "transmitter" or a "receiver" is 
used in a general sense and may include a single coil, two 
coils, or three coils. If a single coil "transmitter" or "re- 
ceiver" is desired, it will be referred to as a "simple trans- 
mitter" or a "simple receiver." 
[0038] FIG. 1 shows a schematic of a typical logging system. Cer- 
tain conventional details are omitted in FIG. 1 for clarity of 
illustration. The logging system 100 includes a logging 
tool 105 adapted to be moveable through a borehole. The 
logging tool 105 is connected to a surface equipment 110 
via a wireline 115 (or drill string). Although a wireline tool 
is shown, those skilled in the art would appreciate that 
embodiments of the invention may be implemented in 
wireline or while-drilling (LWD or MWD) operations. The 
surface equipment 110 may include a computer. In accor- 
dance with embodiments of the invention, the logging 
tool 105 is equipped with at least three antenna arrays for 
determining formation resistivity in the presence of inva- 



sion and/or anisotropy. 

[0039] As noted above, to determine electrical properties of a 

formation that is radially inhomogeneous (e.g., invaded by 
drilling fluids or inherently inhomogeneous), measure- 
ments at multiple (e.g., three) depths of investigation 
(DOI) are required. A tool in accordance with embodi- 
ments of the invention may include a plurality of antenna 
arrays to provide at least three measurements at different 
DOIs and at least one measurement that is sensitive to 
anisotropy. Most of the plurality of antenna arrays may be 
axial arrays. However, at least one of them should be an 
array having a transverse component, i.e., a triaxial, tilted, 
or transverse array. For clarity, the following description 
may use triaxial arrays (transmitters or receivers) to illus- 
trate embodiments of the invention. One of ordinary skill 
in the art would appreciate that other transmitters or re- 
ceivers having transverse components (e.g., tilted or 
transverse transmitters or receivers) may be used in the 
place of the triaxial transmitter or receivers. 

[0040] | n accordance with one embodiment of the invention, a 
logging tool includes at least three antenna arrays and at 
least one of the at least three antenna arrays is responsive 
to the transverse component of the magnetic field gener- 



ated by the transmitter (e.g., a triaxial, tilted, or trans- 
verse array). The at least one triaxial, tilted, or transverse 
array provides measurements that can be used to derive 
anisotropic properties of the formation, i.e., R , R , and 
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anisotropy coefficient (X). One example of such a tool is 
shown in FIG. 2. 
[0041] FIG 2 shows an induction or propagation tool 200. Note 
that embodiments of the invention may be used as an in- 
duction tool or a propagation tool. Because the difference 
between these two types of tools is not germane to the 
present invention, the following description uses "induc- 
tion" tools in a general sense to refer to both "induction" 
and "propagation" tools. As shown, the induction tool 200 
includes an electronic module 201 and a mandrel 202, on 
which a series of antennas are disposed. The electronic 
module 201 includes components for controlling the sig- 
nals to energize the transmitter and for controlling the 
acquisition of the signals (voltages) by the receivers. In 
addition, the electronic module may include a processor 
and/or a memory. The memory may store a program for 
performing the logging operation and data processing. 
The tool 200 also includes a protective housing (not 
shown) disposed over the various antennas. The induction 



tool 200 includes a triaxial transmitter 210T, two axial re- 
ceivers, 221m and 222m, and one triaxial receiver, 231m. 
Each of the receivers is coupled with a corresponding 
bucking receiver, 221b, 222b, and 231b, respectively. In 
the notation, suffix "b" indicates that the antenna (coil) 
functions as a bucking receiver, and suffix "m" indicates 
that the antenna (coil) functions as a main receiver an- 
tenna. The function of a bucking receiver is to reduce or 
remove mutual couplings between the transmitter and the 
receiver. 

[0042] The common triaxial transmitter 210T, the two axial re- 
ceivers, 221m and 222m, and the two bucking receivers, 
221b and 222b, together form two axial arrays, while the 
common triaxial transmitter 210T, the triaxial receiver 
231m, and the triaxial bucking receiver 231b together 
form a triaxial array. As note above, a "triaxial" transmitter 
or receiver includes three coils having their magnetic mo- 
ments oriented in non-coplanar directions, including or- 
thogonal directions. Furthermore, the "triaxial" transmitter 
or receiver in this example may be replaced with a tilted 
transmitter or receiver. An array, whether axial or triaxial, 
includes a transmitter and a receiver. In preferred embod- 
iments, an array further includes a bucking coil/receiver. 



In this description, "bucking receiver" is used to refer to 
bucking coils in general e.g., a single-coil (axial) or three- 
coil (triaxial) bucking receiver. For an axial receiver, the 
bucking receiver comprises an axial coil wound in a direc- 
tion opposite to the winding direction of the receiver coil. 
For a triaxial receiver, the bucking receiver (i.e., a triaxial 
bucking receiver) consists of three coils wound in the 
same orientations as those of the corresponding receiver 
coils, but in opposite directions. 
[0043] FIG. 3 shows a schematic of an exemplary triaxial array 

300 that includes a triaxial transmitter 301, a triaxial 
bucking receiver 302, and a triaxial receiver 303. Al- 
though co-located coils are shown, one of ordinary skill in 
the art would appreciate that embodiments of the inven- 
tion do not require the triaxial antennas to be co-located. 
Co-location means that the centers of the three coils are 
substantially at the same location. The triaxial transmitter 

301 includes three coils having their magnetic dipoles (M^ 
T , M T and M T ) oriented in orthogonal directions (x, y, 

y z 

z). The triaxial receiver 303 includes three coils having 
their magnetic dipoles (M R , M R and M R ) oriented in 

x y z 

the same orthogonal directions (x, y, z). The triaxial buck- 
ing receiver 302 includes three coils having their magnetic 



dipoles (M , M and M ) oriented in orthogonal direc- 

x y z 

tions that are in opposite directions (-x, -y,z) to those of 
the transmitter 301 and the receiver 303. One of ordinary 
skill in the art would appreciate that the bucking receiver 
should be placed between the transmitter and the re- 
ceiver. As shown, the bucking receiver 302 is disposed at 
a distance L from the transmitter 301. The distance L is 

B B 

shorter than the distance (L ) between the transmitter 301 

R 

and the receiver 303. One skilled in the art will recognize 
that a triaxial array for embodiments of the invention 
need not be an "orthogonal" triaxial array. Furthermore, 
more complicated arrangements using multiple transmit- 
ter and or multiple receiver coils are also possible, both 
for axial and for triaxial induction arrays. 

[0044] The precise location and the number of turns of the buck- 
ing coil should be selected to maximize the cancellation 
of the mutual couplings between the transmitter and the 
receiver. An example disclosed in U.S. Patent No. 
5,157,605 includes a bucking receiver disposed at the 
mid point between a transmitter and a receiver. In this 
configuration, the number of turns of the conductive wire 
in the bucking coil is 1/8 that of the receiver coil. 

[0045] The induction tool 200 shown in FIG. 2 includes two axial 



arrays and one triaxial array. This represents an example 
of an induction tool that is capable of providing resistivity 
estimates for formations with invasion and anisotropy. In 
operation, the triaxial transmitter 210T is energized by 
passing an alternating current signal therethrough and the 
voltages received by the receiver in each array are 
recorded. The three antennas in the triaxial transmitter 
may be energized at different times (time multiplexing) or 
at different frequencies (frequency multiplexing) so that 
the responses recorded by the receivers may be differen- 
tiated. 

[0046] | n addition to time multiplexing or frequency multiplexing 
for signal identification, the triaxial transmitter HOT is 
preferably operated at more than one frequency to pro- 
vide more than one set of measurements for data pro- 
cessing. The measurements from two or more frequen- 
cies, for example, may be used to reduce the skin effects 
and/or to focus the DOI as disclosed in U.S. Patent No. 
5,157,605 issued to Chandler et al. This patent is as- 
signed to the assignee of the present invention and is in- 
corporated by reference in its entirety. The operating fre- 
quency is preferably in the range of 5 to 200 KHz for in- 
duction tools. In some embodiments, an induction tool in 



accordance with the invention are operated at two fre- 
quencies, e.g., about 26 kHz and about 13 kHz. The lower 
frequency (relative to the conventional induction tools that 
may be operated at a frequency up to several hundred 
kHz) is desirable because of the greater skin effect on the 
transverse antennas or arrays. For propagation tools, the 
operating frequency is preferably in the range of 100 kHz 
to 2 MHz. In some preferred embodiments, the propaga- 
tion tools are operated at two frequencies, e.g., about 400 
kHz and about 2 MHz. 
[0047] The receivers in these arrays are disposed at different dis- 
tances from the common triaxial transmitter HOT. The 
different spacings (LI, L2, and L3) between the transmit- 
ter and the receivers provide different depths of investi- 
gation (DOI), i.e., different distances into the formation 
from the wellbore. Because skin effects are a function of 
transmitter frequencies in EM logging, it is possible to 
achieve different DOIs by varying the operating frequen- 
cies of the transmitters, instead of different transmitter-re- 
ceiver spacings. In some embodiments of the invention, 
different DOIs are accomplished by operating the axial, 
transverse or triaxial arrays at multiple frequencies. The 
depth of investigation of an induction or propagation ar- 



ray is normally defined as the midpoint of the integrated 
radial response. One of ordinary skill in the art would ap- 
preciate that the radial response of an array depends on 
the spacing between the transmitter and the receiver, 
among other factors. 
[0048] FIG. 4 shows the radial geometrical factors of the various 
arrays in the tool 200 of FIG. 2. Curves 421 and 422 rep- 
resent the geometrical factors of the two axial receivers 
221m and 222m, respectively, while curves 431a and 43 It 
represent the axial component and the transverse compo- 
nent, respectively, of the triaxial receiver 231m. It is ap- 
parent that the short arrays (axial arrays) have larger re- 
sponses in the near wellbore regions. The measurements 
from the short arrays can be used to correct for borehole 
effects and/or to derive the resistivity in the invaded zone. 
The long array (triaxial array) is more responsive to the 
formation regions farther away from the wellbore (see 
curves 431a and 43 It). The axial component (curve 431a) 
can be combined with the two axial measurements to de- 
rive formation resistivity properties (R^, r , and R t ) in an 
isotropic formation. In an anisotropic formation, the 
transverse component (curve 43 It) may be included to 
provide the horizontal resistivity (R ), vertical resistivity (R 



), and anisotropy coefficient (X). Thus, tool 200 is capable 
of providing reliable resistivity estimates of a formation 
regardless of mud invasion and/or anisotropy. 
[0049] FIG. 2 shows an example of a tool configuration in accor- 
dance with embodiments of the invention. One of ordinary 
skill in the art would appreciate that other modifications 
are possible. For example, the tool may include a third 
axial array so that the three different DOI measurements 
required to solve the invasion profile do not rely on the 
axial component of the triaxial array. Another tool config- 
uration may include a single transverse or triaxial array 
and a single axial array, such as the tool 200 of FIG. 2 
without the bucking receiver 222b and the main receiver 
222m. In this case, different operating frequencies may be 
used to obtain measurements at different DOIs. In FIG. 2, 
the first axial receiver 221m and the second bucking re- 
ceiver 222b are shown to be co-wound at the same loca- 
tion on the mandrel 202. In some embodiments, these 
coils may not be co-wound and may be arranged at dif- 
ferent axial locations along the mandrel 202. Further- 
more, one of the axial arrays (e.g., the one including re- 
ceiver 221m) may be replaced with an electrode device to 
provide the near wellbore resistivity measurements. It is 



known that in some situations (e.g., rugose boreholes or 
very high resistivity contrasts between conductive bore- 
hole fluids and resistive formations), electrode devices can 
provide more robust measurements than an induction ar- 
ray can. 

[0050] The tool shown in FIG. 2 can provide sufficient measure- 
ments to determine the electrical properties of a forma- 
tion in which the invasion zone is isotropic. Mud filtrate 
invasion may render the invaded zone isotropic in an 
anisotropic formation. However, if invasion does not re- 
move the anisotropy, then the horizontal (R ) and verti- 
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cal (R ) resistivities in the invaded zone will be different. 
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FIG. 5 shows that anisotropy remains detectable even 
when invasion zone advances 100 inches or more into the 
formation. The results shown in FIG. 5 are from a simula- 
tion of the xx transverse signals with the same spacings 
as the 72-inch array of an array induction tool sold under 
the trade name of AIT™ by Schlumberger Technology 
Corporation (Houston, TX). The formation has a horizontal 
conductivity (o ) of 1,000 mS/m and the invaded zone has 

h 

a conductivity (o ) of 100 mS/m. Five conditions with R / 

XO V 

R = 1, 2, 5, 10, and 50 are simulated, and both the in- 

h 

phase signals (o-R) and the quadrature signals (o-X) are 



presented as a function of the invasion radius. 
[0051] FIG. 5 clearly shows that the invasion does not completely 
remove the sensitivity to formation anisotropy even with 
the invasion reaching beyond 100 inches. For example, 
curves 51R and 5 IX, which represent the in-phase (o-R) 
and the quadrature (a-X) signals for R /R =1, are very 

v h 

different from curves 52R and 52X, which represent the 
in-phase (o-R) and the quadrature (a-X) signals for R /R 

v h 

= 2. These results clearly show that anisotropy can remain 
in the invaded zone, and the common assumption that the 
invaded zone can be characterized with an isotropic resis- 
tivity (R ) may not be valid. 

xo 

[0052] Thus, in order to fully characterize the formation proper- 
ties, regardless of invasion or anisotropy, more than one 
transverse or triaxial array may be needed. FIG. 6 shows 
another induction or propagation tool according to em- 
bodiments of the invention. The induction tool 600 in- 
cludes two axial arrays and six triaxial arrays, i.e., five 
more triaxial arrays than the induction tool 200 of FIG. 2. 
The induction or propagation tool 600 includes an elec- 
tronic module 601 and a mandrel 602, on which a series 
of antennas are disposed. The induction or propagation 
tool 600 also includes a protective housing (not shown) 



disposed over the various antennas. The two axial arrays 
include the common triaxial transmitter 610T, three 
bucking receivers 621b, 622b, and three axial receivers 
621m, 622m, while the six triaxial arrays include the 
common triaxial transmitter 610T, six bucking receivers 
631b 636b, and six triaxial receivers 631m 636m. This 
embodiment includes two axial arrays. Thus, an axial 
component of one of the triaxial arrays is used to provide 
the third axial measurement, which together with the 
other two sets of axial measurements obtained by the two 
axial arrays provide measurements at three different DOIs 
for determining the invasion profile. 
[0053] As shown in FIG. 6, the bucking receiver 622b is co- 
wound with the receiver 621m. Similarly, the six triaxial 
arrays comprise a series of co-wound bucking and re- 
ceiver antennas. These co-wound antennas are for illus- 
tration only. Embodiments of the invention may use co- 
wound or non-co-wound antennas. If the bucking receiver 
of one array and the main receiver coil of a shorter array 
are co-wound, they may be co-wound on a bobbin that is 
made of ceramic or any suitable material. In the co-wound 
configuration, the arrays are arranged so that the main 
receiver coil of array n is at approximately the same axial 



location as the mutual-balancing (bucking) coil of array n 
+ 1. For example, the bucking receiver 623b for the main 
receiver 623m is co-wound with main receiver 622m on 
the same bobbin in FIG. 6. U.S. Patent No. 5,668,475 is- 
sued to Orban et al. includes detailed description of co- 
wound bucking-main receiver coils. This patent is as- 
signed to the assignee of the present invention and is in- 
corporated by reference in its entirety. 
[0054] one of ordinary skill in the art would appreciate that the 
spacings of various axial arrays and triaxial arrays may be 
selected to provide the desired depth of investigation 
(DOI). An example of the various spacings is shown in FIG. 
6, in which the receivers in the two axial arrays are ar- 
ranged at 6 and 9 inches from the common triaxial trans- 
mitter 310T, and the receivers in the six triaxial arrays are 
arranged at 15, 21, 27, 39, 54, and 72 inches from the 
common triaxial transmitter 310T. Note that this is only 
an example. One of ordinary skill in the art would appre- 
ciate that these spacings may be varied to obtained the 
desired DOIs. Furthermore, the relative positions of the 
transmitter and the traixial and axial receivers may be 
changed. That is, the transmitter need not be at the top of 
the tool section (tool body), and the triaxial receivers need 



not be at longer spacings from the transmitter than the 
axial receivers. 

[0055] The shorter spacings (6 and 9 inches) of the axial arrays 

(short arrays) allow these short arrays to measure resistiv- 
ity close to the borehole, as evidence by their radial geo- 
metrical factors (curves 721, 722) shown in FIG. 7. The 
near wellbore measurements may be used to correct 
borehole effects in measurements made by long arrays. In 
addition, the short array measurements may be used to 
derive the resistivity of the invaded zones, R . Further- 
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more, the couplings between the transverse coils of the 
transmitter and the axial coils of the shorter array re- 
ceivers can provide information concerning borehole size 
and the position of the tool in the borehole which is very 
useful in correcting for borehole effects. 
[0056] The triaxial arrays, being at longer spacings, are designed 
to investigate at different distances into the formation, as 
evidenced by their radial geometrical factors (curves 731 
736) shown in FIG. 7. Having triaxial measurements at a 
series of radial distances from the borehole makes it pos- 
sible to derive the anisotropic resistivities in both the in- 
vaded and uninvaded zones. Thus, the induction or prop- 
agation tool 600 shown in FIG. 6 is capable of providing 



reliable formation resistivity measurements regardless of 
invasion and/or anisotropy. 

[0057] a s noted above, a tool configuration according to some 
embodiments of the invention includes three arrays, at 
least one of which is responsive to the transverse compo- 
nent of the magnetic field generated by the transmitter 
(e.g., a tilted or triaxial array). One example is shown in 
FIG. 2. FIG. 6 shows an induction or propagation tool 600 
that includes additional triaxial arrays as compared with 
tool 200 in FIG. 2. In a similar manner, additional axial ar- 
rays may be added to the configuration of tool 200 in FIG. 
2. One such example is shown in FIG. 8. 

[0058] FIG. 8 shows an induction or propagation tool 800 that 

includes an electronic module 801 and a mandrel 802, on 
which antenna arrays are disposed. A protective housing 
(not shown) is also included for the protection of the an- 
tenna arrays. As shown, the induction or propagation tool 
800 includes seven axial arrays and one triaxial arrays. 
That is, the induction or propagation tool 800 includes 
five additional axial arrays, as compared with the tool 200 
shown in FIG. 2. The additional axial arrays can provide 
more robust measurements to define the invasions zones, 
even if the invasion radius is different in each layer. Thus, 



tool 800 can be used to measure electrical properties of 
formations with complex invasion profiles. 
[0059] The EM induction or propagation tools shown in FIGs. 2, 
6, and 8 are for illustrations only. One of ordinary skill in 
the art would appreciate that other modifications are pos- 
sible without departing from the scope of the invention. In 
addition, one of ordinary skill in the art would appreciate 
that a tool of the invention may be used in wireline, log- 
ging-while-drilling (LWD), or measurement-while-drilling 
(MWD) operations. Furthermore, these tools may be used 
in boreholes drilled with water-based mud or oil-based 
mud. 

[0060] | n operation, each antenna in the transmitter is energized 
and the response in each receiver is recorded. The mea- 
surements from a triaxial array therefore consist of nine 
possible couplings between the transmitter antennas and 
the receiver antennas. The voltage measurements thus 
obtained may be represented as a 3 x 3 matrix shown in 
equation (1): 
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[0061] The raw voltage measurements in this matrix reflect the 



properties of the formation as seen by the tool in the 
borehole. In a deviated borehole (i.e., formation with rela- 
tive dips), the raw measurements are influenced by the 
relative dips and/or strikes, which may complicate data 
processing. In this situation, it is desirable to rotate this 
matrix into a more convenient coordinate system before 
data analysis. For example, U.S. Patent No. 6,584,408 is- 
sued to Omeragic discloses a method that converts a 
complete set of couplings between the transmitters and 
receivers of a triaxial system between a formation coordi- 
nate system and a tool coordinate system. The conversion 
simplifies the data processing and allows for a direct in- 
version of the measurements for horizontal and vertical 
conductivity and dip and strike (dip-azimuthal) angles. 
[0062] The voltages received by an axial receiver from energizing 
the triaxial transmitter may be represented as a 
3-element vector: 

K r v v„] (2) 

[0063] The triaxial and axial measurements obtained with a tool 
of the invention may be analyzed (by inversion) using a 
proper formation model to derive the formation electrical 
parameters. The modeling may use any suitable programs 



known in the art. Examples of such programs include 
those disclosed in Anderson, et al., "The Response of Induc- 
tion Tools to Dipping Anisotropic Formations, "Transactions of 
the SPWLA 36th Annual Logging Symposium, Paris, 
France, June 26-29, 1995, paper D, Anderson et al., "The 
effect of crossbedding anisotropy on induction tool response" pre- 
sented at the SPWLA 39th Annual Logging Symposium, 
May 26-29, 1998, Keystone, CO, Paper B, and Davydy- 
cheva, et al., "An efficient finite-difference scheme for electro- 
magnetic logging in 3D anisotropic inhomogeneous 
media, "Geophysics, Vol. 68, No. 5 (September-October 
2003), p. 15251536. 
[0064] FIG. 9 shows a flow chart depicting a method 900 for de- 
riving formation resistivity properties from the axial and 
triaxial measurements. First a formation model is defined 
(shown as 92). This involves choosing a proper formation 
model, defining bed boundaries in the formation model, 
and determining some initial formation property esti- 
mates. This process may rely on data obtained from in- 
duction log, e.g., the triaxial induction data (shown as 91), 
and formation information available from other logs or 
other information about the formation such as, but not 
limited to, seismic data, mud logging or drilling data 



(shown as 93). 

[0065] Formation models that are commonly used to determine 
formation resistivity include ID model, ID + ID model, 
2D model, and 3D model. FIG. 10 shows a ID model, in 
which the resistivity varies with radial distance (r) from the 
wellbore. An alternative ID model (not shown) involves 
resistivity variation as a function of the vertical distance 
(z). If the formation resistivity varies independently in 
both the radial (r) and vertical (z) directions, it may be 
modeled with a ID + ID model (not shown). If the radial 
variations (e.g., mud invasion fronts) are different in dif- 
ferent sedimentation layers, then a 2D formation model 
shown in FIG. 11 may be used. If the well is deviated, then 
a 3D model may be necessary (FIG. 12). 

[0066] Before modeling, the various couplings from each array 
may be corrected for borehole effects, shoulder effects, 
skin effects, and vertical resolution mismatches using any 
method known in the art. For example, the triaxial 
Grimaldi processing disclosed in U.S. Patent Nos. 
6,216,089 Bl issued to Minerbo and 6,304,086 Bl issued 
to Minerbo et al. may be used to correct for shoulder ef- 
fects and vertical resolution mismatches in the log data. 
This processing yields a log of estimates of R and R with 



a depth of investigation defined by the Grimaldi spacing. 
Inverting this estimate using the radial responses in a ID 
radial formation model (FIG. 10) or a ID + ID model will 
produce estimates of the true formation anisotropic resis- 
tivity. For formations that the ID + ID inversion is not 
sufficient, 2D or 3D inversions may be used. 

[0067] once a basic formation model is chosen, the formation 

parameters may be estimated by inverting the log data. A 
formation model is typically defined as a sequence of par- 
allel layers. The first step of the inversion involves esti- 
mating bed boundary positions. Detection of the bed 
boundaries from the log data may be performed, for ex- 
ample, by a segmentation algorithm, which identifies and 
positions boundaries on a selected set of logs. A simple 
logic can be used to distinguish between invaded and un- 
invaded beds, based on a user-defined invasion flag, trig- 
gered from any log. The output of this task is a formation 
model described by a limited set of parameters: bed 
boundaries, horizontal and vertical resistivities for both 
the invaded and the virgin zone, and the invasion radius ( 
see FIGs. 10-12). 

[0068] The inversion process involves minimizing a cost function 
(or penalty function) C(p). An example of a cost (penalty) 



function may be defined as a weighted squared difference 
between the selected measurements and the correspond- 
ing modeled logs: 

c^-zJ-^t, C3) 

1 Mi 

[0069] where p is the unknown parameter vector (resistivities or 
geometrical parameters), M. is a measurement channel, f 
.is the corresponding theoretical tool response computed 
by a forward model, □ . is the estimation of the confidence 
on measurement M , and a a user-selected weight. The 
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weight a ., for example, can be used to decrease the influ- 
ence of shallow array measurements in poor borehole 
conditions or unfavorable mud resistivity contrast for the 
tool. The summation in equation (3) may be performed on 
all tool measurements, i.e., measurements obtained by 
the axial arrays, triaxial arrays, and the electrode devices, 
if present. The inversion is an iterative process, which is 
terminated when the cost function is below a convergence 
criterion. In addition, various penalty functions can be 
added to the expression in equation 3 to stabilize the so- 
lution. These penalty functions can have a wide range of 
forms, but generally they serve to penalize formations 



with large variations in parameters or formations that vary 
greatly from geologically preferred models. 
[0070] Referring to FIG. 9 again, once a formation model is de- 
fined, a forward model then computes the theoretical re- 
sponse of the tool to this formation model (step 94) and 
compares it with the actual measurements (step 96). If a 
significant mismatch occurs between the two (i.e., high 
cost function), the formation property values are refined 
(step 97) to reduce the difference. These processes are 
repeated until the match becomes acceptable with respect 
to specific convergence criteria. If the computed logs 
match the field data, then the modeling is terminated and 
the formation properties are output as formation logs 
(step 98). The output properties may include invasion 
profiles (e.g., radii of invasion), invasion zone resistivity 
(either isotropic resistivity, R , or anisotropic resistivities, 
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R and R ), and formation resistivity (either isotropic 
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resistivity, R , or anisotropic resistivities, R and R ). 
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[0071] The above described modeling process may also provide 
an indicator of the quality of the parameter estimates. A 
quality control indicator is typically based on the values of 
the cost function or the individual log reconstruction er- 
rors. For example, a quality indicator may be defined as 



the difference between the measured values and the com- 
puted values as a percentage of the computed values: 

fAP) 

[0072] The above described inversion and modeling may be ap- 
plied to any log data obtained using a tool in accordance 
with the invention. The method 900 shown in FIG. 9 is 
generally applicable regardless of formation dips, 
anisotropy, or invasion. Thus, the method in combination 
with a tool of the invention may be used to determine for- 
mation electrical properties regardless of mud invasion or 
formation anisotropy. The method can be implemented as 
a program stored on the electronic module (e.g., 201 in 
Fig. 2) of the induction tool or in a surface computer (e.g., 
110 in FIG. 1). 

[0073] The advantages afforded by embodiments of the present 
invention may include the following. Embodiments of the 
invention provide induction tools that can be used to pro- 
vide sufficient measurements for deriving formation resis- 
tivities regardless of the extent of mud invasion and/or 
formation anisotropy. Because of this versatility, accurate 
determination of formation resistivities can be accom- 
plished in any geographic region and in any borehole en- 



vironment. Embodiments of the invention may be used in 
a wireline or an MWD/LWD tool. In addition, embodiments 
of the invention may be used in wells drilled with water- 
based mud or oil-based mud. A tool in accordance with 
the invention includes both axial and triaxial arrays, which 
have a common triaxial transmitter. This simplifies the 
tool configuration and improves manufacturing and oper- 
ating efficiencies. 
[0074] while the invention has been described with respect to a 
limited number of embodiments, those skilled in the art, 
having benefit of this disclosure, will appreciate that other 
embodiments can be devised which do not depart from 
the scope of the invention as disclosed herein. For exam- 
ple, an induction or propagation tool in accordance with 
embodiments of the invention may comprise various com- 
binations of axial and triaxial arrays, not just the exam- 
ples shown. In addition, a tool in accordance with embod- 
iments of the invention may include induction arrays or 
propagation arrays. Accordingly, the scope of the inven- 
tion should be limited only by the attached claims. 



